Unstable expression of transferred genes is a major obstacle to successful gene therapy of hematopoietic diseases. We have investigated in a canine large-animal model whether expression of transduced genes can be recovered in vivo. Mixed-breed dogs had undergone autologous bone marrow transplantation (BMT) with stem cell factor and granulocyte-colony-stimulating factor-mobilized retrovirally marked hematopoietic cells. The bicistronic retroviral vector construct allowed for coexpression of MDR1 and human IL-2 receptor common ␥-chain cDNAs. The latter gene is deficient in X-linked severe combined immunodeficiency. After initial high-level expression, P-glycoprotein and the ␥-chain were undetectable in blood and bone marrow 17 months post-BMT. Six months later, one dog was treated i.v. with 125 mg͞m 2 paclitaxel. Three administrations restored expression of the two linked genes to high levels in blood and bone marrow. Two dogs treated with higher paclitaxel doses died from myelosuppression after the first administration. As determined by flow cytometry, both genes were expressed in granulocytes, monocytes, and lymphocytes of the surviving animal. PCR analysis of DNA from peripheral blood confirmed that the retroviral cDNA was increased after paclitaxel treatment, suggesting enrichment of transduced cells. P-glycoprotein was detectable for more than 1 year after cessation of paclitaxel. Repeated analyses of blood and bone marrow aspirates gave no indication of hematopoietic disturbance after BMT with transduced cells and paclitaxel treatment. In summary, we have shown that with the use of a drug-selectable marker gene, chemotherapy can select for cells that express an otherwise nonselected therapeutic gene in blood and bone marrow.
A lthough gene replacement therapy is thought to have the potential to cure hematopoietic disorders, this treatment approach is hampered by loss of expression of genes transferred into bone marrow cells either by silencing or dilution of expressing cells by nontransduced cells. In most, but not all, clinical trials of retrovirus-mediated transduction, expression of proteins encoded by transgenes tends to decrease after several weeks or months. Recent advances in vector development have allowed for high initial transduction rates. Efficient transduction of hematopoietic progenitor cells does not, however, ensure longterm expression of transgenes in bone marrow. Thus, it would be advantageous if gene expression could be restored in bone marrow of patients if the levels decrease.
It has been suggested that drug resistance genes such as the multidrug transporter (MDR1), also known as P-glycoprotein (P-gp), may be useful for augmentation of gene expression in vivo (1) . P-gp is an energy-dependent eff lux pump that extrudes cytotoxic compounds, including clinically used anticancer drugs, from cells. Among the various substrates of P-gp are daunorubicin, vincristine, etoposide, colchicine, paclitaxel (Taxol, Bristol-Myers Squibb), and other natural toxins and commonly used pharmaceuticals (2) . Similarly, transfer of other drug resistance genes, including members of the multidrug resistance-associated protein gene family, the mitoxantrone resistance protein (MXR, BCRP, or ABCP) gene, or mutated dihydrofolate reductase genes, renders chemosensitive cells chemoresistant (3, 4) .
Cells that express a drug resistance gene gain a selective advantage over nontransfected or nontransduced cells upon addition of anticancer or other appropriate drugs. In tissue culture, selection with anticancer drugs has conclusively been demonstrated (reviewed in ref. 1) . Mice transplanted with MDR1-transduced hematopoietic cells express increased levels of the MDR1 transgene after treatment with cytotoxic substrates of the multidrug transporter, e.g., paclitaxel (5, 6) . Moreover, after several rounds of transplantation with drugtreated bone marrow, recipient mice tolerate dose levels that were lethal to normal animals of the respective background strain (7) . We have recently shown that hematopoietic progenitor cells treated ex vivo with high concentrations of colchicine or daunorubicin retained their ability to engraft lethally irradiated mice (8) . Furthermore, recent clinical trials have suggested that enrichment of MDR1-transduced hematopoietic cells may be feasible in bone marrow of patients by selection with etoposide or paclitaxel (9, 10) . Similarly, a retroviral vector that contained a mutated dihydrofolate reductase (DHFR) cDNA allowed for selective enrichment of transduced hematopoietic cells in murine bone marrow (11) .
It has been suggested that this selective advantage conferred by overexpression of MDR1 can be exploited to ensure the expression of an accompanying but otherwise nonselectable transgene in target cells (1) . To this end, bicistronic retroviral vectors were constructed in which the MDR1 gene is combined with wild-type genes defective in disorders of the hematopoietic system, e.g., Gaucher disease, X-linked severe combined immunodeficiency (XSCID), and chronic granulomatous disease (12) (13) (14) . In these vectors, both MDR1 and the respective nonselect-able gene are transcribed from a common promoter with the use of an internal ribosomal entry site (IRES) (15) . As previously reported, a bicistronic vector facilitated high-level expression of the human common ␥-chain (␥c) of IL-2 receptor in target canine cells (16) .
Human ␥c, the disease gene for XSCID, is part of several cytokine receptor complexes on the plasma membrane of leukocytes including IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 (17, 18) . Allogeneic bone marrow transplantation (BMT) is life saving for infants with XSCID, who would otherwise die of infections (19) . However, limitations of BMT combined with the selective advantage of lymphocytes expressing the normal ␥c over those with the mutated protein makes gene transfer therapy attractive for XSCID. Moreover, because of their immunologic incompetence, patients are unlikely to reject hematopoietic cells that express ␥c from a virally transduced transgene. Gene transfer of the normal ␥c gene to two XSCID infants has already demonstrated short-term clinical benefit (20) . The long-term efficacy of this treatment remains to be evaluated.
To achieve stable ␥c expression in lymphocytes, gene transfer should ideally be targeted to hematopoietic stem cells. As opposed to more mature, lymphoid progenitor cells, hematopoietic stem cells have the capacity of unlimited self-renewal, maximal proliferative capacity, and differentiation into all hematopoietic lineages. In the case of gene therapy for XSCID, expression of the transgene in hematopoietic stem cells should not interfere with their function because in the murine system ␥c is expressed in hematopoietic cells of all lineages (21, 22) .
Transfer of ␥c to hematopoietic stem cells has been investigated in a canine animal model (16) . In this study, efficient expression was achieved in stem cell factor and granulocytecolony-stimulating factor-mobilized hematopoietic cells from bone marrow without drug selection, but it disappeared after 19-34 weeks. The observation in this study that expression of transgenes in hematopoietic cells disappeared after a few months closely resembled previous data from several marking studies of immunocompetent animals and humans. Several mechanisms may contribute to inactivation of virally transferred genes, including methylation of promoters (23) or stem cell-specific silencer elements (24) , or loss of positive cells may reflect the limited life span of transduced progenitor cell clones (25) or their elimination by host immune attack.
We have now investigated whether expression of ␥c can be recovered in vivo after being undetectable for a long period. Because the ␥c transgene was cotransduced in a bicistronic vector with the MDR1 gene, recipient dogs were treated with paclitaxel, a cytotoxic substrate of P-gp. Although paclitaxel was unexpectedly toxic to some dogs, we found that both MDR1 and linked ␥c expression could be augmented to very high levels by low-dose paclitaxel treatment. Although no further chemotherapy was administered, both genes were stably expressed in hematopoietic cells 1 year after paclitaxel treatment.
Materials and Methods Transplantation of Animals.
A female mixed-breed dog was raised in the animal colony of the School of Veterinary Medicine, University of Pennsylvania, under National Institutes of Health and U.S. Department of Agriculture guidelines for the care and use of animals in research. The dog, designated M862, was 8 weeks old at the beginning of the previously described study (16) and 25 months old at the beginning of the current phase of the experiment. Harvest of bone marrow, transduction of bone marrow cells, and transplantation of transduced bone marrow have been described (16) . Briefly, recombinant canine stem cell factor at 25 mg͞kg per day and recombinant canine granulocyte colony-stimulating factor at 10 mg͞kg per day (both from Amgen Biologicals) were administered s.c. for 4 consecutive days.
Ten days after the final treatment, bone marrow was aspirated from six sites in the pelvis and long bones, washed in PBS, and depleted of red cells. Bone marrow cells were transduced by means of a retroviral vector. Construction of HGMDR, the Harvey-sarcoma virus-based retroviral vector used for gene transfer, and production of amphotropic retroviruses by the packaging line GPϩAM12 has been reported (14) . This vector contained a full-length cDNA for the human IL-2 receptor common ␥c gene, followed by an IRES, and a full-length cDNA of the human MDR1 gene ( Fig. 1 ). One day before graft infusion, the dog received a single sublethal dose of 200 cGy total body irradiation from parallel opposed portals in a 6-million electronvolt (MeV) linear accelerator. Two additional dogs were raised and transplanted under similar conditions as described (16) .
Treatment with Cytotoxic Drug. The dog received 125 mg͞m 2 paclitaxel (Taxol; Bristol-Myers Squibb) i.v. at 25, 26, and 28 months of age. Beginning 5 days before each paclitaxel administration, the dog received 0.4-0.6 mg͞kg dexamethasone s.c. twice a day and 2.9 mg͞kg L-glutamine orally twice a day. On the day of the paclitaxel administration, the dog received i.v. injections of dexamethasone (2.2 mg͞kg) and diphenhydramine (1.0-2.5 mg͞kg) to control hypersensitivity reactions and was given acepromazine (0.5-1.0 mg͞kg) and diazepam (0.25-0.5 mg͞kg) i.v., as needed for sedation, during the infusion. Paclitaxel was diluted in 100 ml of 0.9% NaCl to a final concentration of 0.62-0.65 mg͞ml and was delivered through the Primary IV Pump Set-OL (Abbott) with a 0.22-m filter over 3-4 h. The dog received prophylactic amoxicillin͞clavulanic acid (12.5 mg͞kg) and was maintained on L-glutamine for 7-10 days after paclitaxel administration. The dog was housed in a class-100 hepafiltered room from the time of paclitaxel administration until the white blood cell count normalized. Signs of myelosuppression and hepatotoxicity were monitored because two previous dogs from the same transplantation experiment (16) died after receiving 175 mg͞m 2 and 140 mg͞m 2 paclitaxel i.v., respectively (unpublished observation).
Blood from the dog was periodically submitted for PCR, FACS for expression of ␥c and MDR1, complete blood count, and chemistry analysis. Bone marrow aspirates were submitted for cytological analysis at 31 and 53 months of age (29 and 51 months after the initial autologous transplantation).
Detection of P-gp and ␥c in Canine Blood and Bone Marrow. Blood and marrow samples were washed twice with PBS containing 5 mM EDTA and 0.5% BSA (PBS-E͞B). Mononuclear bone marrow cells were isolated by density gradient centrifugation with Ficoll͞Paque (Amersham Pharmacia), followed by additional washing with PBS-E͞B.
For detection of human P-gp, 5 ϫ 10 5 peripheral blood cells or 1 ϫ 10 6 bone marrow cells were stained at 4°C with 5 g of mAb MRK16, specific for the product of the human MDR1 gene. As a control, cells were incubated under identical conditions with an isotype-identical, nonbinding antibody (Becton Dickinson). After 20 min, cells were washed, followed by a 15-min incubation with a FITC-labeled rat mAb to murine IgG2 a . Cells were then washed twice with PBS-E͞B. FITC fluorescence was analyzed with a FACSCalibur cytometer by using CELLQUEST software (Becton Dickinson).
Expression of the human ␥c (CD132) was assessed with a phycoerythrin-conjugated mAb (PharMingen). After washing and density gradient centrifugation, cells were stained for 20 min with this mAb or a phycoerythrin-labeled isotype control antibody. Cells were then washed extensively with PBS-E͞B to overcome nonspecific binding with the anti-CD132 antibody. Phycoerythrin fluorescence was analyzed by flow cytometry.
PCR Analysis of Canine Blood. DNA was extracted from canine blood with the Puregene DNA isolation kit (Gentra Systems, Minneapolis) or the Qiagen (Chatsworth, CA) blood kit. PCR was performed with the AmpliTaq Gold DNA polymerase kit (Perkin-Elmer). A 145-bp fragment of the transferred bicistronic cDNA was amplified by PCR with primers 5Ј-CCCCATGTTACACCCTAAAGCCTGAA-3Ј (located in the ␥c sequence) and 5Ј-AGGTTTCCGGGCCCTCACATTG-3Ј (located in the IRES sequence). As a control for DNA concentration, a 134-bp sequence from the corticotrophin-releasing hormone was amplified with primers 5Ј-GGACGAGGCGCCG-CAACTTTTT-3Ј and 5Ј-CTCTCCTCTCCGGGGTCTCTT-3Ј. A trace amount of 32 P-labeled dCTP (Amersham Pharmacia) was added to the reaction mix; 200 ng of DNA were amplified in a total volume of 50 l. After an initial denaturation step at 95°C for 10 min, 35 cycles were run at 94°C for 1 min͞57°C for 1 min͞72°C for 2 min. PCR products were separated on a 6% acrylamide͞Tris-borate-EDTA (TBE) gel by using an XCell II electrophoresis system (NOVEX, San Diego). Radiation of [ 32 P]dCTP incorporated into the PCR products was visualized on BioMax film (Kodak).
Results and Discussion
Recovery of transgene expression in hematopoietic cells after a long period of low or undetectable expression was analyzed in this canine large-animal model. As previously reported, transfer of a bicistronic vector containing both the human ␥c and the human MDR1 genes to bone marrow cells of normal dogs and transplantation with transduced marrow led to high-level expression of the ␥c protein in hematopoietic cells (16) . When expression was lost after 19-34 weeks, immunosuppressive treatment transiently restored gene expression, but this expression subsequently disappeared. Seventeen months after BMT, P-gp was undetectable in peripheral blood (Fig. 2 Top Left) and bone marrow (Fig. 3 Top Left) of the dog in this study and two other recipient animals (not shown). Similarly, human ␥c (CD132) was undetectable in hematopoietic cells of recipient animals (not shown). The lack of expression of the transgenes could be a result of vector silencing or loss of transduced cells.
For drug selection, the dogs were then treated with paclitaxel. Two dogs received either 175 mg͞m 2 or 140 mg͞m 2 paclitaxel, dose levels well below the equivalent maximal tolerated dose in human patients. Unexpectedly, both animals died shortly after treatment. Pathologic analysis revealed myelosuppression. Whether or not normal dogs tolerate only lower doses of paclitaxel than humans requires further study. The hematopoiesis of the animals used in this study may have been unusually vulnerable because of prior BMT.
The third animal was treated successfully with 125 mg͞m 2 paclitaxel on three separate occasions. Varying degrees of hypersensitivity were noted during each paclitaxel infusion. Signs included vocalization, erythema, panting, and tachycardia; all were alleviated with either diphenhydramine or dexamethasone. Clinical signs on the days after paclitaxel infusion included mild loss of appetite and depression. Loose stools were noted occasionally, possibly because of mild mucositis. We also noted moderate hepatotoxicity with 3-fold elevations of serum alanine aminotransferase and 2-fold elevations of serum alkaline phosphatase. Mild to moderate hepatotoxicity has been described after administration of paclitaxel to patients (26) .
The white blood cell count of the surviving paclitaxeltreated dog fell below normal (6,700 -18,000 cells per l) between days 5 and 10 after each paclitaxel administration (Fig. 4) . Myelosuppression was moderate, with the nadir average for the three paclitaxel administrations being 2,370 cells per l. Accordingly, moderate neutropenia with an average neutrophil nadir of 930 cells per l was observed (normal range 3,600 to 12,500 cells per l). A brief increase of leukocyte and neutrophil counts before each paclitaxel administration was caused by pretreatment with dexamethasone. Conversely, the corticosteroid decreased lymphocyte counts below the normal range (1,000 to 4,800 cells per l) on each of the days that paclitaxel was administered. Lymphocyte counts remained low until 5-10 days postpaclitaxel, with an average nadir of 190 cells per l 2 days postpaclitaxel. P-gp expression was increased in bone marrow after treatment with paclitaxel. After 2-3 treatment cycles, MRK16 f luorescence of the majority of the bone marrow cells shifted toward higher intensities (Fig. 3) . The expression levels, however, seemed to be somewhat lower than in peripheral blood. P-gp was almost undetectable in erythrocytes as well as in erythroid progenitor cells in bone marrow, as revealed by immunocytochemical staining (data not shown). Furthermore, technical differences may also have contributed to the lower expression levels, e.g., depletion by density centrifugation of polynucleated granulocytes, which contained the highest amounts of P-gp (Fig. 5C) , and different numbers of cells used for staining with mAbs.
At the time of the first treatment (23 months post-BMT), a minority of cells in blood (Fig. 2 ) and bone marrow (Fig. 3) expressed P-gp. This was most likely related to clonal f luctuation. Shifts between individual cell clones in bone marrow after BMT are known from studies in mice (27, 28) . Furthermore, calculations on stochastic differentiation in feline bone marrow have proven that clonal dominance may occur by chance after autologous transplantation (29) . A number of P-gp-expressing cells in our dog were substantially increased by treatment with paclitaxel. Whereas the first treatment course resulted only in moderate increase in the percentage of cells expressing the human P-gp gene, almost the entire population of cells in peripheral blood expressed P-gp after the second and third treatment cycles (Fig. 2) . Gating for leukocyte subpopulations demonstrated that human P-gp was expressed in granulocytes, lymphocytes, and monocytes of the dog over 2 years post-BMT (Fig. 5B) . As shown in Fig. 6 , expression of the human ␥c protein (CD132) was specific in the treated dog. No staining was seen in a control dog. Furthermore, human ␥c was also expressed in leukocytes of all hematopoietic lineages (Fig. 5C) .
To confirm that the ␥c-IRES-MDR1 provirus was present in the dog after selection, a PCR analysis was performed. The primers used were highly specific for the transduced bicistronic ␥c-IRES-MDR1 sequence, with the sense primer starting in the ␥c portion and the antisense primer starting in the IRES portion of the cDNA. Although specific, the yield of amplification with this primer pair was, for reasons unknown to us, poor. We observed a strong signal after the third cycle of drug treatment, whereas the cDNA was not unequivocally detectable at earlier time points (Fig. 7) . A smaller signal was detected more than 1 year after the end of drug treatment, confirming the presence of the transferred cDNA. The apparent increase in the levels of transgene cDNA suggests that higher expression after drug treatment was caused by clonal selection rather than transcriptional activation of the transgene.
Expression of P-gp was stable for extended periods even in the absence of continuing drug selection. As displayed in Figs. 2 and 3, significant proportions of blood and bone marrow cells expressed P-gp at a late time point, 16 months after the end of paclitaxel treatment. Thus, drug selection exerted a lasting impact on transgene expression in hematopoietic cells. Although this study does not formally prove that hematopoietic stem cells were selected for, we conclude that drug selection occurred at the level of long-living progenitor cells of multiple lineages. Although complete T cell reconstitution was achieved in the recent XSCID clinical trial (20) , fewer than 1% of B cells had provirus. A selectable marker such as MDR1 could potentially augment the natural selective advantage of ␥c in future XSCID trials. Moreover, for other diseases that lack a natural selective advantage of corrected cells (e.g., Gaucher, chronic granulomatous disease), the selectable bicistronic vector approach may offer high enough rates of expressing cells to achieve therapeutic benefit.
No major aberration of hematopoiesis has been observed in the recipient dog. A bone marrow aspirate obtained 29 months after transplantation with the retrovirally transduced bone marrow cells, and 6 months after the first dose of paclitaxel, revealed no significant abnormalities. A second bone marrow aspirate obtained 51 months after transplantation (28 months after the first dose of paclitaxel) revealed mild erythroid hypoplasia and plasmacytosis, which was of no clinical significance. Furthermore, no indication for the development of a myeloproliferative syndrome was observed in differential blood counts of peripheral blood (data not shown). MDR1-transduced and ex vivo expanded bone marrow cells caused a myeloproliferative syndrome in mice (30) . This syndrome has not been observed, however, in mice treated with transduced bone marrow that was not expanded ex vivo (5, 6, 31) , in either non-human primates (32) or in patients transplanted with MDR1-transduced hematopoietic cells (9, 10, (33) (34) (35) .
This article demonstrates that the expression of a retrovirally introduced transgene for correction of a hematopoietic disorder can be recovered in a live animal with the use of a drugselectable marker gene. Studies in tissue culture systems have shown that complete restoration of the function of an otherwise nonselectable gene was achievable with the use of bicistronic vectors (13, 36) . In such vectors, the two transgenes could be arranged with the selectable marker gene being either in the 3Ј or in the 5Ј position with respect to the IRES (15) . A high number of drug-resistant cell clones were obtained if MDR1 was located in the 5Ј position. Conversely, if MDR1 was located in the 3Ј position, the number of drug-resistant clones was lower because the gene at the 3Ј position is expressed at generally lower rates. The advantage of the latter strategy is that all drugresistant cells expressed a high level of the otherwise nonselectable, therapeutic gene cloned in the 5Ј position.
The construction of vector HGMDR, in which MDR1 is located downstream of the IRES and ␥c is upstream, may therefore explain both the striking elevation of ␥c gene expression after selection and the low protection from the toxicity of paclitaxel at high doses. Hence, in this configuration major selective effects on the therapeutic or linked gene can be observed at relatively low doses of anticancer drugs. Side effects from the toxicity to other organ systems therefore may be comparably mild. Although our results demonstrate that rare cells expressing transgenes can be selected to high levels among hematopoietic cells in vivo, further studies are required to determine the optimal modalities of drug selection for improvement of gene replacement therapy.
